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Abstract: Persulfate is an emerging oxidant for in situ chemical oxidation (ISCO) applications with a high oxidation 
potential on activation (Eo = 2.6 V). The design of an oxidant remedial system involves a comprehensive 
understanding of a number of underlying physical and chemical processes. One of these processes, which 
impacts oxidant efficiency, involves the stability of the oxidant in the presence of natural aquifer materials. 
To improve our understanding and develop predictive relationships a series of batch experiments were 
designed to quantify the interaction between persulfate and aquifer materials. Well-characterized aquifer 
materials collected from seven sites across North America were used in this investigation. The batch 
experiments, run in triplicates for each aquifer material, were conducted to primarily observe and derive 
decomposition kinetic parameters for an experimental system that comprised of 100 g of solids, and 100 mL 
of solution with an initial persulfate concentration of 1000 mg/L. The decomposition of persulfate followed a 
first-order mass action law in the presence of all aquifer materials used in this study although the reaction rate 
coefficient varied by an order of magnitude (10-4 to 10-3 hr-1). In general, the observed reaction rate 
coefficients were small indicating that persulfate will have a high stability in these aquifer systems. 
Preliminary test results suggest that persulfate decomposition is a function of the oxidant to solids mass ratio. 
Dissolved organic carbon, iron, and manganese concentrations decreased relative to background conditions; 
however, no correlation with the observed reaction rate coefficients was determined. Significant decreases in 
the chemical oxidant demand of solids exposed to persulfate indicate that oxidation of natural organic matter 
occurred in these batch systems. 
Key words: persulfate, in situ chemical oxidation, decomposition kinetics, aquifer materials 
1. INTRODUCTION 
In situ chemical oxidation (ISCO) is a remediation technology which utilizes the oxidative 
potential of chemical compounds in order to treat contaminated subsurface media. A host of bench 
and pilot-scale experiments have been performed using permanganate and catalyzed hydrogen 
peroxide (e.g., Fenton’s reagent), and hence a considerable amount of peer-reviewed literature is 
available that discusses their treatment efficiency, reaction kinetics with organic compounds, and 
interaction with naturally occurring reduced species (e.g., Schnarr et al., 1998; Yan and Schwartz, 
2000; Siegrist et al., 2001; Mumford et al., 2005). Whereas permanganate is limited by its selective 
reactivity towards specific organic compounds and high natural oxidant demand (Brown et al., 2004; 
Xu and Thomson, 2004; Siegrist et al. 2001, Brown and Robinson, 2006), peroxide has a limited zone 
of influence because of its high decomposition rate and hence minimal persistence in the subsurface 
environment (Xu and Thomson, 2004). Persulfate is an emerging oxidant which has numerous 
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advantages; a high oxidation potential of 2.6 V through formation of sulfate free radicals, a high 
solubility in water, widespread reactivity with environmental contaminants, and high stability in 
aqueous systems (Huang et al., 2002; Liang et al., 2003; Huang et al., 2005; Watts and Teel, 2006). 
Although there have been numerous studies reporting the effectiveness of persulfate to treat 
contaminants ranging from chlorinated solvents to petroleum hydrocarbons to polycyclic aromatic 
hydrocarbons (e.g., Kronholm and Riekkola, 1999; Liang et al., 2004; Huang et al., 2005; Watts and 
Teel, 2006), peer-reviewed literature on the interaction between persulfate with aquifer materials and 
the stability of persulfate in groundwater is scarce. An understanding of this interaction is required for 
cost effective design (e.g., quantifying site specific oxidant dosing requirements and selecting oxidant 
delivery systems), and to establish persulfate as a viable oxidant for wide-spread use at the field scale.  
It has been demonstrated that common oxidants (permanganate and hydrogen peroxide) used for in 
situ remediation are consumed or catalytically decomposed by non-target reductants in groundwater 
systems (Haselow et al., 2003; Xu and Thomson, 2004; Mumford et al., 2005). The reductive species 
in aquifer systems that may predominantly interact with in situ oxidants are organic matter and 
reduced minerals such as Fe (II), Mn (II) and S (-I,-II) (Appelo and Postma, 1996; Christensen et al., 
2000). The reductive minerals maybe the largest oxidant sinks in some aquifer soils (Haselow et al., 
2003) while in others natural organic matter (NOM) maybe the major oxidant consumer (Siegrist et 
al., 1999). Since each oxidant behaves in a different manner in the presence of reductive species in 
aquifer systems (Brown, 2004), it has yet to be demonstrated that it is possible to derive predictive 
relationships using the total reductive capacity (TRC) with either the amount of oxidant mass 
consumed (for permanganate) or the enhanced decomposition rate (for hydrogen peroxide). It is 
evident that degradation and consumption kinetics of oxidants in aquifer systems are more accurately 
estimated by experimental studies than by empirical correlations.  
The realm of research dealing with persulfate degradation in the presence of naturally occurring 
aquifer species has been narrow and contradictory. Brown (2004) investigated the relative soil oxidant 
demand (SOD) of permanganate and persulfate and concluded that while permanganate mass 
consumption was almost entirely due to natural organic matter (NOM) in soil, persulfate loss to 
decomposition was primarily due to the interaction with reductive minerals and the SOD of persulfate 
was much less than that of permanganate. These observations were based on SOD experiments 
conducted on a single soil type and it was hypothesized that reactions between permanganate or 
persulfate and NOM were fundamentally different. These results contradicted the earlier study by 
Hoag et al. (2000) which, based on the premise that NOM was equally oxidizable by persulfate or 
permanganate, suggested the use of persulfate to reduce the SOD prior to the addition of 
permanganate. Dahmani et al. (2006) also concluded that persulfate was capable of satisfying the 
SOD before injection of permanganate while providing an additional bonus of treating target 
contaminants. The abundance of Fe and Mn in the field study by Dahmani et al. (2006) was 
interpreted as a high persulfate demand whereas a lower NOM content was assumed to produce lesser 
oxidant demand. In studies dealing with organic rich soils which are physically and chemically 
different from aquifer materials, persulfate only partially consumed the soil organic matter (Cuypers 
et al., 2000). Kiem and Kogel-Knabner (2002) observed a 93% decrease in organic carbon when 
persulfate was applied to loamy and sandy surface soils for 16 hours while Eusterhues et al. (2003) 
found that a contact time of 2 days was insufficient to oxidize organic matter in some soils; this non-
oxidizable fraction could comprise ~80% of total soil carbon in subsurface horizons. The debatable 
and empirical nature of conclusions drawn from these studies and the emergence of persulfate as a 
viable in situ oxidant was the impetus for this independent evaluation of the interaction between 
persulfate and aquifer materials.  
The present study focuses on investigating the interactions of persulfate with various well 
characterized aquifer materials collected from seven sites across North America. These sites are 
hydrogeologically favorable to ISCO treatment and the interaction of these aquifer materials with 
permanganate and hydrogen peroxide has been investigated extensively at the bench-scale as part of 
another on-going study (Xu and Thomson, 2006 a,b). Apart from quantifying persulfate degradation 
kinetics, this present study seeks to determine the changes caused in aquifer and solution 
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characteristics due to oxidation, and attempts to develop predictive relationships between the 
quantifiable aquifer properties and persulfate decomposition rate coefficients.  
2. MATERIAL AND METHODS 
A series of bench-scale experiments comprising of completely mixed batch reactor systems were 
undertaken to investigate the degradation of persulfate in the presence of aquifer materials. Initially 
each reactor (300 mL) was filled with 100 g of aquifer solids and 100 mL of Milli-Q water and 
thoroughly mixed and allowed to equilibrate for 24 hours. Following this 24-hour equilibration 
period, a 10 mL aliquot of solution was taken and analyzed to establish background or pre-oxidation 
aqueous conditions (i.e, dissolved total iron, total manganese, and organic carbon). To restore the 
aqueous volume to 100 mL, an additional 10 mL of Milli-Q water was added to each reactor. The 
contents were then spiked with 0.1 g persulfate and vigorously mixed to generate an initial oxidant 
concentration of ~1000 mg/L. Each reactor was manually shaken daily to maximize contact between 
interacting constituents. At regular time intervals, an aliquot (2 to 3 mL) was collected from the 
supernatant portion of each reactor and transferred into 10 mL vials where aquifer solids, if any, were 
allowed to settle for an hour. Quantification of persulfate was then performed in duplicate and 
required only a total of 0.2 mL of the 2 to 3 mL aliquot; the remaining aqueous volume of the vial was 
returned to each reactor to minimize loss of persulfate mass due to sampling. Triplicate reactors were 
used for each aquifer material. Table 1 provides a general description of each aquifer material along 
with relevant physico-chemical properties. To avoid the complexity arising from using large grain 
sizes, materials that passed through No. 10 U.S. standard mesh sieve (<2 mm) were air dried to 
constant weight at 105oC and used in all experiments. To evaluate the effects of a different oxidant to 
solids mass ratio, an additional set of reactors using 150 g of the LSU aquifer material instead of 100 
g was also employed in this investigation.  
After ~80 days of exposure to persulfate, samples from the supernatant were taken and analyzed 
for total dissolved iron, manganese and organic carbon. Contents of each reactor were then thoroughly 
flushed with Milli-Q water to remove any persulfate and air dried. Triplicate sub-samples of this air-
dried aquifer material were analyzed for a post-oxidation estimate of the chemical oxidant demand 
(COD) following the procedure given by Xu and Thomson (2006a).  
Table 1. Aquifer material nomenclature and selected physico-chemical properties 
TOC Total Fe Total Mn Site ID Location Description 
(mg/g) (mg/g) (mg/g) 
Borden CFB Borden, ON, Canada fine/medium sand 0.24 17.5 0.421 
DNTS National Test Site, Dover AFB, DE fine to medium silty sand 0.28 63.8 0.154 
LAAP Longhorn Army Ammunition Plant, TX fine silty sand 0.46 22.7 0.112 
LSU Launch Complex 34, Cape Canaveral AFS, FL sand & silty sand 1.84 6.1 0.068 
USU Launch Complex 34, Cape Canaveral AFS, FL sand & silty sand 0.878 3.7 0.098 
MAAP Milan Army Ammunition Plant, TN sand & silty sand 0.77 0.9 0.025 
NIROP Bacchus Works Facility, Utah sandy/silty gravels, sand layers 0.315 12.9 0.297 
 
Quantification of sodium persulfate concentration was performed following the procedure 
described by Huang et al. (2002) with a slight variation to account for the interferences arising from 
aqueous sample coloration due to the presence of aquifer solids. Samples were filtered using 0.45 
micron filter (Pall Corp.) as required. Sodium persulfate (Aldrich Chem. Co., Milwaukee), ferrous 
ammonium sulfate (EMD Chemicals, Gibbstown), sodium thiocyanate (J.T.Baker, Phillipsbourg) and 
sulfuric acid solutions were prepared to required concentrations using Milli-Q water. All chemicals 
were ACS grade unless stated otherwise. DOC was quantified using a Total Organic Carbon analyzer 
(Shimadzu, Model-5050A), and iron and manganese concentrations were determined using 
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inductively coupled plasma (ICP) emission spectroscopy (Spectro Analytical, Fitchburg, MA). 
Measurement of pH was performed using an Orion pH meter (Model 290A). 
3. RESULTS AND DISCUSSION 
Normalized persulfate concentration temporal profiles over the ~80 day reaction period for each 
aquifer material are shown in Fig. 1. Each data point represents the average from triplicate reactors. 
For the LSU aquifer material the notation LSU-100 and LSU-150 indicate results from reactors using 
100 and 150 g of aquifer solids respectively. The control reactor which contained only persulfate at a 
concentration of 1000 mg/L showed no indication of persulfate degradation. For all aquifer materials, 
the decomposition of persulfate followed first-order reaction kinetics, and a summary of the observed 
reaction rate coefficients and associated half-lives are listed in Table 2. Reaction rate coefficients 
varied by an order of magnitude from 10-4 to 10-3 hr-1 for the 7 aquifer materials used in this 
investigation. In general, the half-life data (inversely proportional to the reaction rate coefficient) 
suggests that persulfate will be highly stable in aquifer systems and hence from a remediation 
perspective is a suitable ISCO oxidant. The results from the tests performed using the LSU aquifer 
material (with 100 and 150 g of solids) show that the observed reaction rate coefficient is higher for 
LSU-150 than for LSU-100. Additional results, not shown here, confirm that the observed reaction 
rate coefficient is inversely related to the oxidant to aquifer solids mass ratio, and that the observed 
reaction rate coefficient is scalable thereby making it possible to extrapolate results from batch 
experiments to in situ conditions.  
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Figure 1. Temporal persulfate concentration profiles in the presence of the 7 aquifer materials used in this study. Also shown 
is the average concentration profile from the control reactor. 
It is obvious from the observed persulfate decomposition trends that batch tests conducted over a 
ten-day period are insufficient to accurately observe persulfate stability for remedial system design as 
suggested by Dahmani et al. (2006). The series of batch experiments we performed were conducted 
under well-mixed conditions in order to maximize contact and hence the production of free radicals 
may over-estimate in situ reaction rate coefficients. 
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Table 2. First-order reaction rate coefficients and half-lives dervived from batch test data. 
Rate of reaction, kobs Half-life Soil (10-4 hr-1) (hr) R
2 
Borden 1.66 4174.7 0.933 
Dover 2.47 2805.7 0.848 
LAAP 1.56 4442.3 0.965 
LSU-100 18.19 381.0 0.993 
LSU-150 44.51 155.7 0.997 
MAAP 1.54 4500.0 0.952 
NIROP 7.97 869.5 0.969 
USU 3.69 1878.0 0.935 
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Figure 2. The temporal pH profile as observed in the various batch reactor systems.  
Solution pH was monitored over time (Fig. 2) and the results showed only a slight decrease after 
the second sampling point to the end of the 80-day reaction period for all aquifer materials except 
MAAP. The decreasing pH profile probably indicates a marginally dynamic system perhaps due to an 
acid generating reaction or a slow buffering response relative to the initial pH condition.  
The results from the dichromate COD analyses performed on all aquifer materials pre- and post-
oxidant exposure showed a 2 to 40 % change in the COD values (Fig. 3). This change was statistically 
significant (t-test, Į = 0.05) for all aquifer materials except for LAAP, USU, and the 150 g LSU batch 
system. The solids used in the 100 g LSU batch system showed a much greater change in COD than 
the solids used in the 150 g LSU batch system presumably due to a higher oxidant to solid mass ratio 
and a longer persulfate exposure time in the 100 g LSU system.  These results are again indicative of 
the fact that persulfate may not be able to significantly satiate the soil oxidant demand prior to 
addition of other oxidants like permanganate (Hoag et al., 2000; Brown, 2004). Xu and Thomson 
(2006a) concluded that for the aquifer materials used in this investigation the major contributor to the 
initial COD capacity was the TOC content, and hence a reduction in COD due to exposure to 
persulfate implies that significant oxidation of NOM occurred in these batch systems.  Reduction in 
DOC concentration discussed later is also indicative of this oxidation reaction. 
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Figure 3. Pre- and post-oxidant dichromate COD test results. 
Pre- and post-oxidant analysis of total dissolved iron, total dissolved manganese, and DOC yielded 
interesting results (Fig. 4). By the end of the reaction period, both iron and manganese concentrations 
dropped to very low values, while the DOC was reduced by 10 to 60%. It is speculated that both iron 
and manganese were involved in the catalytic activation of persulfate to produce the sulfate free 
radical which apart from the persulfate auto-decomposition reactions may have resulted in DOC 
oxidation to CO2. However, probably due to slow nature of the reactions no gas production was 
visually observed in any of the batch reactors. 
A correlation analysis between the observed reaction rate coefficients and various physico-
chemical aquifer properties that may be responsible for the degradation reaction was performed; 
however, no significant (r > 0.7) correlation was apparent. In addition, no significant correlation was 
observed between dissolved iron, manganese or organic carbon concentrations and the observed 
reaction rate coefficients.  
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Figure 4a. Pre- and post-oxidant dissolved iron concentration. 
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Figure 4b. Pre- and post-oxidant total dissolved manganese concentration. 
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Figure 4c. Pre- and post-oxidant dissolved organic carbon (DOC) concentration. 
4. SUMMARY 
The decomposition of persulfate followed a first-order mass action law in the presence of all 
aquifer materials used in this study although the reaction rate coefficient varied by an order of 
magnitude (10-4 to 10-3 hr-1). The observed reaction rate coefficients were small indicating that 
persulfate will have a high stability in these aquifer systems. Dissolved organic carbon, iron, and 
manganese concentrations decreased relative to background conditions; however, no correlation with 
the observed reaction rate coefficients was determined. Iron and manganese maybe involved in 
catalytic activation of persulfate. Significant decreases in the chemical oxidant demand of solids 
exposed to persulfate of 80 days indicate that oxidation of natural organic matter occurred in 4 of the 
7 batch systems. The preliminary results presented and briefly discussed here are part of a larger 
ongoing investigation addressing the in situ fate and transport of persulfate.  
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